and harmful (Moyle & Light 1996; Mack et al. 2000; Mooney & Hobbs 2000) .
The most reliable predictor of an organism being invasive in a new area is it being invasive in other regions where it has been introduced (Carlton 1996; Mack 1996; Moller 1996; Williamson 1996; Williamson & Fitter 1996; Reichard & Hamilton 1997; Pheloung et al. 1999; Williamson 1999; Daehler & Carino 2000; Mooney & Hobbs 2000; Rejmánek 2000) . Other characteristics are poorer predictors of invasive potential because of the idiosyncratic nature of invasions (Mack 1996; Moller 1996; Williamson 1996; Williamson & Fitter 1996; Reichard & Hamilton 1997; Mack et al. 2000) . Hence, invasive organisms appear to possess certain characteristics that facilitate their survival and reproduction in a wide range of habitats, but these characteristics differ between organisms (Reichard & Hamilton 1997; Williamson 1999; Rejmánek 2000) . For success to be possible in a wide range of habitats, these characteristics must enable the invasive species to tolerate a wide range of biotic and abiotic conditions (Moller 1996; Mack et al. 2000; Rejmánek 2000) .
One organism that requires assessment of its potential to invade areas beyond its natural range is the large earth bumblebee, Bombus terrestris (L.). Since 1988 this Eurasian colonial bee has been used in many countries to improve pollination of greenhouse crops, particularly tomatoes Lycopersicon esculentum Mill. (Goodwin & Steiner 1997; Buttermore et al. 1998; Dafni 1998) . Colonies of B. terrestris have already been imported into Korea, Japan, China, Taiwan, Mexico (Dafni 1998) , Chile, Argentina, Uruguay, South Africa, Morocco and Tunisia (A. Dafni, pers. comm.) for deployment in greenhouses. An application to import B. terrestris into the mainland of Australia for use in greenhouses has also been made (Goodwin & Steiner 1997) . In spite of approval being denied by the relevant government agencies, some horticulturists continue to lobby for their introduction (Goodwin & Steiner 1999; Wilson 1999) . The introduction of bumblebees, including B. terrestris, to islands in the Pacific, Atlantic, and Indian Oceans, has also been proposed as a means of enhancing pollination in several field crops (Macfarlane 1995; . Stout and Goulson (2000) ; (······), distribution of B. terrestris according to Semmens (1995) . Additional observations during the intervening period are indicated by letters as follows: S, Semmens (1996) ; B, Buttermore (1997) ; H, Hingston and McQuillan (1998); P, Parker (1999) .
A number of lines of evidence suggest that B. terrestris is likely to be invasive in many areas where it is introduced. First, social insects, including bees, are a particularly invasive group (Moller 1996) . Second, all colonial bees must be able to forage from a very wide range of different types of flowers (polylecty) because the activity period of the colony exceeds the flowering periods of most plant species (Moldenke 1975; O'Toole & Raw 1991; Westerkamp 1991) . Third, bumblebees suffer very little predation while foraging (Davies 1977; Pyke 1979; Morse 1986 ). Fourth, B. terrestris has successfully invaded New Zealand, where it was introduced in 1885 for the pollination of red clover (Hopkins 1914; Macfarlane & Gurr 1995) , and has recently colonized Japan, where it escaped from greenhouses in 1996, after its introduction in 1991 (Dafni 1998; Goka 1998) .
Bombus terrestris has also recently colonized the Australian continental island of Tasmania. It was first discovered in the capital city of Hobart ( Fig. 1 ) in February 1992, after being introduced without government approval (Semmens et al. 1993) , and rapidly spread into surrounding populated areas (Semmens 1995; Fig. 1) . It was initially predicted that B. terrestris would probably spread throughout Tasmania, and possibly southern Australia, because of the similarities in climate and vegetation between these areas and New Zealand (Semmens et al. 1993) . This view of the potential distribution of B. terrestris was supported by Hingston and McQuillan (1998) , based on their observations of large numbers of B. terrestris foraging on a wide range of native plants in several native vegetation types within 5 km of urban areas near Hobart. Evidence of invasion of native vegetation in more remote areas of Tasmania was provided by Semmens (1996) , Buttermore (1997) , McQuillan (1998), Parker (1999) and Stout and Goulson (2000) , all of whom recorded B. terrestris in or near national parks and the Tasmanian Wilderness World Heritage Area (WHA; Fig. 1 ).
In spite of this, doubts have subsequently been expressed regarding the ability of B. terrestris to invade native vegetation in Tasmania. Hergstrom (1999) questioned whether B. terrestris could survive in areas more than 8 km from urban gardens. In addition, the most recent survey of bumblebee distribution asserted that B. terrestris was largely restricted to gardens, urban parks and pastures (Stout & Goulson 2000) . Stout and Goulson (2000) argued that B. terrestris may never colonize the WHA (Fig. 1) , because of insufficient European plant species and the high altitude and rainfall in this area, and, if it did, that this would be the last part of Tasmania to be invaded (Stout & Goulson 2000) .
In the present paper, we investigate the extent of the invasion of Tasmania by B. terrestris in the 9 years after it was first observed. Specifically, we test the hypotheses that the range of B. terrestris is limited by the biotic factor of the availability of garden plant species (Hergstrom 1999; Stout & Goulson 2000) and the abiotic factors of altitude and rainfall (Stout & Goulson 2000) . From this we infer its capacity to invade habitats in which it has not evolved and, hence, the nature of its likely feral distribution and impact if introduced to the Australian mainland or other parts of the world.
METHODS
Several of the authors of this paper had noted the presence of B. terrestris in Tasmanian native vegetation in areas distant from urban areas, including the WHA, between 1992 and 1999. Following the doubts raised by Hergstrom (1999) and Stout and Goulson (2000) about the capacity of B. terrestris to invade such areas, we decided that it would be useful to publish our earlier sightings if they could be verified by further observations in these areas. Consequently, from early December 1999, a large group of observers, including Fig. 1 . N, numerous bees; S, several bees; Q, queens; W, workers and/or drones. N, numerous bees; S, several bees; Q, queens; W, workers and drones; U, unidentified caste. Superscripts: P, numbers of bees seen carrying pollen; N, the numbers of bees seen not carrying pollen.
scientists working in areas of native vegetation, people employed by land management agencies, and amateur naturalists, commenced a survey of the distribution of B. terrestris in Tasmanian native vegetation.
Observers recorded the date and location of the bumblebee sighting, whether they were workers/drones or queens, any species of plants upon which they fed, and the presence or absence of pollen in their corbiculae. However, in some cases B. terrestris was seen while conducting other research. In such circumstances it was not possible to collect all these details, and we simply recorded the presence of several (5-10) or numerous (> 10) bumblebees. It is unlikely that we mistook other insects for bumblebees, as there are no other similar insects in Tasmania. Australian native bees in the genus Xylocopa, which are of similar size and shape to bumblebees, have not been recorded from Tasmania (Hingston 1999; Leys 2000) . Queens of B. terrestris, at 30-35 mm in length, can be easily differentiated from the other castes, which are only 8-22 mm long. However, workers and drones are similar in size and, for this reason, we did not differentiate between these two castes.
Observations of B. terrestris in native vegetation between December 1999 and April 2001 were collated and mapped, along with any unpublished records we had made prior to this period. The extent of breeding populations in native vegetation was determined by Table 4 . Numbers of B. terrestris seen each year (July 1 -June 30) at locations in Tasmanian native vegetation where they were observed during more than one year Site 1995 Site -1996 Site 1996 Site -1997 Site 1997 Site -1998 Site 1998 Site -1999 Site 1999 Site -2000 Site 2000 Site -2001 Locations of sites are shown in Fig. 1 . Symbols as in Table 2 . mapping the sites where bees were seen carrying pollen in their corbiculae, or where more than one bee was observed in 1 day. We emphasize that comparisons of the numbers of B. terrestris observed between different climatic conditions, vegetation types, altitudes, distances from gardens, species of plants and months of the year cannot be conducted because search effort levels were not constant across any of these variables.
RESULTS

Current distribution of Bombus terrestris
Bombus terrestris has invaded extensive parts of Tasmania in the 9 years since it was first reported in Hobart. Large numbers of bumblebees were observed frequently in native vegetation in southern Tasmania, and in the central west of the island (Fig. 1) . Evidence of breeding populations in native vegetation was found across an area of approximately 30 000 km 2 (Fig. 1 ). Bumblebees were also common in the agricultural areas in the central-north, and were observed occasionally in the central-east and north-east of the island (Fig. 1) .
Rate of spread by Bombus terrestris
If it is assumed that the Tasmanian population of B. terrestris originated in Hobart in 1991-1992 (Semmens et al. 1993) , B. terrestris has spread through western Tasmania at a rate of approximately 25 km per year. Large numbers were present on the south coast (site 41) after four years (Table 1) , on the west coast (site 1) after 7 years (Table 1) , and on the north coast after 9 years (Fig. 1) .
Habitat types invaded by Bombus terrestris
Bombus terrestris is breeding in Tasmanian native vegetation under a very wide range of conditions. Pollen-gathering workers were found in areas with annual precipitation ranging from 600 mm to more than 3200 mm (Table 2 ), altitudes ranging from sea level to 1180 m a.s.l., and in all of Tasmania's major types of native vegetation (Table 3) . Several bumblebees were also observed in areas receiving 400-600 mm of annual rainfall (Table 2) .
Breeding in native vegetation appears to be successful, as bumblebee populations are persistent in many areas, being observed at several localities during more than one season (Table 4) .
Invasion of national parks by Bombus terrestris
Bombus terrestris workers were observed in large numbers and/or carrying pollen in six national parks in southern and western Tasmania, including four of the five national parks in the WHA (Table 5 , Fig. 1 ). This is convincing evidence of colony establishment in these conservation areas. One worker was also observed in the Freycinet National Park in eastern Tasmania (Table 5 , Fig. 1) .
Moreover, B. terrestris has been observed in the WHA for many years. The earliest sighting was of a queen in March 1992 at Mount King William 1 (site 16), and the species was common at Turua Beach (site 41) by the summer of 1995-1996 (Table 1) .
Independence of Bombus terrestris from urban gardens
Frequent observations of more than 10 bumblebees per day and/or workers collecting pollen, at sites remote from urban areas and other places where exotic plants are cultivated, indicate that B. terrestris is breeding in native vegetation (Table 6 ). Strong evidence of colonies was found in far south-western Tasmania up to 61 km from small towns and 93 km from larger urban areas (Table 6 ). There are gardens containing a few exotic plant species at the two most remote locations where large numbers of B. terrestris were seen (sites 62 and (Table 7) .
Annual activity patterns of Bombus terrestris
Bombus terrestris was encountered in native vegetation during every month of the year (Table 8) . Queens were observed during every month except June, and workers/drones in every month except July and August. However, large numbers of individuals and pollen collecting were only observed between December and March (Table 8) .
DISCUSSION
Bombus terrestris is highly invasive in Tasmania. This, together with its extensive invasion of New Zealand Locations of sites are shown in Fig. 1 . Symbols as in Table 2 . (Macfarlane & Gurr 1995) and recent colonization of Japan (Goka 1998) , suggests that it is likely to be invasive in many other regions into which it is introduced (Carlton 1996; Mack 1996; Moller 1996; Williamson 1996; Williamson & Fitter 1996; Reichard & Hamilton 1997; Pheloung et al. 1999; Williamson 1999; Daehler & Carino 2000; Mooney & Hobbs 2000; Rejmánek 2000) . Its invasiveness in Tasmania can be attributed to its tolerance of a wide range of biotic and abiotic conditions. Bombus terrestris workers are not known to forage at distances of more than a few kilometres from their nest (Dafni & Shmida 1996; Osborne et al. 1999; Walther-Hellwig & Frankl 2000) . Therefore, large numbers of B. terrestris and/or workers carrying pollen, up to 40 km from gardens, 61 km from towns with fewer than 1000 residents, and 93 km from larger towns and cities, indicates that its range is not limited by the availability of garden plant species (cf. Hergstrom 1999; Stout & Goulson 2000) . This, together with the general absence of exotic plants in the WHA (Parks and Wildlife Service 1999) and their broad range of native host plants (see also Hingston & McQuillan 1998) , suggests that the range of B. terrestris is not limited by the availability of introduced plant species. Observations of B. terrestris from the coast to high on mountains, and across Tasmania's entire range of annual rainfall, indicates that neither of these abiotic factors is limiting the range of B. terrestris in Tasmania (cf. Stout & Goulson 2000) . In fact, its abiotic tolerance range is even greater than that observed in Tasmania, as it forages up to an altitude of 2500 m a.s.l. in New Zealand, and is distributed across the entire annual rainfall gradient in New Zealand from 339 mm to more than 10 000 mm (Macfarlane & Gurr 1995) .
The wider distribution reported in the present study, in comparison with that reported by Stout and Goulson (2000) following their survey in January 1999, may reflect recent range expansion. However, range 168 A. B. HINGSTON ET AL. expansion cannot account for all of the differences, because our study included records of B. terrestris between 1992 and early 1999 in areas outside the distribution documented by Stout and Goulson (Table 1) .
If it is assumed that the Tasmanian population has spread from a founder population in Hobart in 1991 -1992 (Semmens et al. 1993 , its rate of spread appears to have been fairly constant at approximately 25 km per year. This is double the rate suggested by Buttermore (1997) . The international spread of B. terrestris should be limited by three major factors: (i) the extent of its dispersal by humans; (ii) the availability of nectar and pollen; and (iii) the climatic tolerance of the species. The ability of B. terrestris to forage on a very wide range of flowers with which it has not coevolved (see also Macfarlane & Gurr 1995; Dafni & Shmida 1996; Hingston & McQuillan 1998) suggests that it will be able to adapt to forage effectively wherever sufficient floral resources are available. Indeed, B. terrestris is regarded as being one of the most opportunistic of all bumblebees (Olesen 1985) . The best indicator of the climatic tolerance limits of B. terrestris is its natural distribution, which is restricted to non-arid regions within the latitudinal range of 28-58Њ (Dafni & Shmida 1996; Estoup et al. 1996; Goodwin & Steiner 1997) . Based on this, B. terrestris could potentially colonize non-arid regions in Australia as far north as southern Queensland, South Africa, Chile, Argentina, Uruguay, Japan, Korea, a large part of China and most of North America. However, the southern limit of its natural distribution is marked by a hot arid, rather than hot humid, climatic zone (Goodwin & Steiner 1997) . It is therefore not possible to predict the lower latitudinal limits of the species in non-arid regions with certainty (Goodwin & Steiner 1997) .
Populations of B. terrestris may be particularly successful at lower latitudes because of their capacity to remain active for a greater part of the year when not constrained by severe winters (Cumber 1954; Estoup et al. 1996) . Bumblebees were observed during every month of the year in the present study, consistent with the situation in New Zealand (Cumber 1954; Donovan & Macfarlane 1984) . Although evidence of colony activity was only found between December and March in the present study, active colonies have been observed as late as May in Tasmania (Buttermore 1997; Hingston 1997) and throughout the year in New Zealand (Cumber 1954) . This prolonged breeding season in Tasmania results in two generations being produced each year (Buttermore 1997) , in contrast to the single generation in England (Cumber 1953) .
The potential for B. terrestris to invade many regions around the world raises concerns that this species will have similar harmful environmental impacts to those caused by the earlier international spread of another polylectic social bee, the European honeybee, Apis mellifera L. Numerous studies have demonstrated that A. mellifera displaces native anthophiles (nectar and pollen feeders) in Japan (Sakagami 1959) , the Americas (Roubik 1978 (Roubik , 1980 Brown et al. 1981; Schaffer et al. 1983; Roubik et al. 1986; Dobson 1993; Roubik 1996) and Australia (Pyke & Balzer 1985; Paton 1993; Bailey 1994; Paton 1997; Gross & Mackay 1998) . The displacement of native bees by A. mellifera in French Guiana adversely affects seed production in Mimosa pudica (Roubik 1996) . Research in Australia has also found that A. mellifera is sometimes ineffective in transferring pollen between conspecific native plants (Pyke 1990; Carthew 1993; Paton 1993 Paton , 1997 A. Hingston, unpubl. data) , and in one study was shown to reduce seed set by removing pollen from stigmas (Gross & Mackay 1998) . Apis mellifera also contributes to the pollination of weeds in North America (Barthell et al. 1994; Parker 1997) .
Hence, if B. terrestris is exported around the world to enhance the pollination of greenhouse tomatoes, it may result in widespread displacement of native pollinators, reduced pollination of native plants, and increased pollination of weeds. Competitive displacement of native bees by B. terrestris has already been recorded in Tasmania (Hingston & McQuillan 1999) and in parts of Israel where B. terrestris has recently expanded its natural range (Dafni & Shmida 1996) . Seed production also appears to be adversely affected in some native Israeli plants in areas where B. terrestris outnumbers other pollinators (Dafni 1998; Ne'eman et al. 2000) . The potential for B. terrestris to increase seed production in weeds is apparent from the status of foxglove Digitalis purpurea L. as a serious weed in New Zealand (Webb et al. 1988; Roy et al. 1998) , where it is pollinated by bumblebees (Goodwin & Steiner 1997; Roy et al. 1998) . In contrast, in the absence of bumblebees at similar latitudes in the Australian mainland, foxglove is regarded as a useful ornamental plant rather than as a weed (Parsons 1973) . Moreover, the environmental threats posed by introductions of B. terrestris to new areas are not restricted to the areas of importation. All new populations of invasive species are potential sources of propagules that may invade other areas (Carlton 1996) . For this reason, the governments of Canada and the USA oppose the introduction of B. terrestris to Mexico (J. Golubov, pers. comm.). In addition, there is concern that the Tasmanian population will spread to the Australian mainland by island-hopping across Bass Strait (Donovan 1994) . However, it may be possible to eradicate populations from small islands to prevent bumblebees from islandhopping from Tasmania to the Australian mainland. Osborne et al. (1999) followed the movements of B. terrestris workers up to 610 m from their nests by fitting small radar transmitters to the bees as they left the nest. If such transmitters were attached to foraging bees, it might be possible to follow them back to the nests, which could then be destroyed. Natural spread from Tasmania to the Australian mainland is, therefore, not inevitable.
In view of the proof that B. terrestris is highly invasive, and the evidence suggesting that it will displace native pollinators, reduce pollination of native plants, and increase the invasability of exotic weed species, there are firm grounds for preventing this species from being introduced or spreading into new areas. Most species of social insects that have formed feral populations have become permanent additions to invaded communities (Moller 1996) . Therefore, the only means of ensuring that B. terrestris will not become established in more areas around the world is the prevention of its importation.
